RARE-EARTH SINTERED MAGNET AND METHOD 
OF PRODUCING THE SAME 

Background of the Invention 

Field Of The Invention 

[0001] The present invention relates to an R-Fe-B rare-earth magnet and a method 
of producing the same. 

Description Of Related Art 

[0002] In the prior art, neodymium (Nd) and/or praseodymium (Pr) have primarily 
been used as the rare-earth element R of an R-Fe-B rare-earth magnet because the 
use of these rare-earth elements provides particularly desirable magnetic properties. 

[0003] In recent years, the variety of applications of R-Fe-B magnets has expanded, 
and the Nd and Pr consumption is increasing rapidly. Accordingly, there is a strong 
demand to improve the efficiency of use of Nd and Pr, which are precious natural re- 
sources, and for reducing the material cost of an R-Fe-B magnet. 
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[0004] The simplest way to reduce the Nd and Pr consumption is to substitute Nd 
and Pr with another rare-earth element that functions similarly to Nd and Pr. It is known 
in the art, however, that the magnetic properties, such as magnetization, deteriorate 
when a rare-earth element other than Nd and Pr is added to an R-Fe-B rare-earth 
magnet. Therefore, rare-earth elements other than Nd and Pr have rarely been used in 
R-Fe-B rare-earth magnets. 

*3 [0005] For example, when an R-Fe-B alloy is made by melting and solidifying a 
: material alloy with Yttrium (Y), a rare-earth element, being added to the material along 
hi with Nd, Y is taken into the main phase of the alloy. The main phase of an R-Fe-B alloy 
p principally has a tetragonal R 2 Fei 4 B type crystalline structure. It is known in the art that 
U the highest magnetization is exhibited when R is Nd and/or Pr (and dysprosium (Dy), 
** terbium (Tb), etc., substituting part of Nd and /or Pr). When R in the R2FeuB crystalline 
structure forming the main phase is substituted either partially or entirely with a 
rare-earth element such as Y, the magnetization substantially decreases. 

[0006] An R-Fe-B magnet with cerium (Ce), a rare-earth element like Nd and Pr, 
added thereto is disclosed in the report of Proc. 16th Inter. Workshop on Rare Earth 
Magnets and their Applications, 2000. P99. According to the report, the residual 
magnetic flux density or remanence B r decreases linearly due to the addition of Ce. 
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[0007] In view of the above, it is believed that the addition of any magnetiza- 
tion-decreasing rare-earth element R, other than Nd, Pr, Dy, and Tb, should be avoided 
as much as possible. 

[0008] Nd and/or Pr not only form a main phase but also exist in a grain boundary 
phase, and play an important roll of forming a liquid phase in a sintering process. 
However, Nd and/or Pr existing in a grain boundary phase form a non-magnetic phase 
and do not contribute to the improvement of magnetization. In other words, a part of Nd 
and/or Pr is always consumed for the formation of a non-magnetic phase, failing to di- 
rectly contribute to the magnetic properties. 

[0009] In order to efficiently use Nd and/or Pr so as to effectively achieve desirable 
magnetic properties, it is preferred that most of Nd and/or Pr is taken into the F^Fe^B 
crystal phase. However, techniques for realizing this did not exist in the prior art. 

[0010] In the prior art, a part of Fe in the main phase having a tetragonal RaFe^B 
crystalline structure is substituted with cobalt (Co) by adding Co to a material alloy in 
order to improve the heat resistance of an R-Fe-B rare-earth magnet. When a part of 
Fe is substituted with Co, the Curie temperature of the main phase increases, whereby 
desirable magnetic properties can be exhibited even at higher temperatures. 
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[0011] In recent years, in some fields of art such as motors for use in automobiles, 
there is a demand for a magnet having a higher performance and hence a demand for 
the use of an R-Fe-B rare-earth magnet having a higher performance than that of a 
ferrite magnet. However, the heat resistance of an R-Fe-B rare-earth magnet is not 
sufficient for use under a high temperature environment such as those experienced by 
a motor in an automobile. Accordingly, there is a strong demand for further improving 
the heat resistance of R-Fe-B rare-earth magnets. 

[0012] It is believed that in order to further improve the heat resistance of an R-Fe-B 
rare-earth magnet, it is preferable to add more Co. However, Co added to a material 
alloy not only substitutes Fe in the main phase of a sintered magnet but also exists in a 
grain boundary phase to form an NdCo2 compound and/or a PrCo2 compound therein. 
Thus, a part of Co added is not used for substituting Fe but is wasted in the grain 
boundary phase. Another problem is that the above compounds are a ferromagnetic 
substance and thus decreases the coercive force of the sintered magnet. Therefore, 
simply increasing the amount of Co to be added is not an effective way to substitute Fe 
in the main phase, and doing do can substantially decrease the coercive force of an 
R-Fe-B rare-earth magnet 



Summary Of The Invention 

[0013] It is therefore an object of this invention to provide a rare-earth sintered 
magnet exhibiting desirable magnetic properties in which the amount of Nd and/or Pr 
forming a non-magnetic phase in a grain boundary phase is reduced, and a method of 
producing the same. 

[0014] Another object of the present invention is to provide a rare-earth sintered 
magnet in which added Co is efficiently taken into the main phase, thereby exhibiting 
desirable magnetic properties, and a method of producing the same. 

[0015] A rare-earth sintered magnet of this invention has a composition of 
(R1 x +R2 y )Tioo-x-y-zQz (R1 is at least one element selected from the group consisting of 
all rare-earth elements excluding La (lanthanum), Y (yttrium) and Sc (scandium); R2 is 
at least one element selected from the group consisting of La, Y and Sc; T is at least 
one element selected from the group consisting of all transition elements; and Q is at 
least one element selected from the group consisting of B and C), and includes, as a 
main phase, a crystal grain of an Nd2Fei 4 B crystalline structure, wherein: molar frac- 
tions x, y and z satisfy 8< x< 18 at%, 0.1< y< 3.5 at% and 3< z< 20 at%, respectively; 
and a concentration of R2 is higher in at least a part of a grain boundary phase than in 
the crystal grain. 
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[0016] In a preferred embodiment, the molar fractions x and y satisfy 
0.01 < y/(x+y)< 0.23. 

[0017] In a preferred embodiment, R2 includes at least Y (yttrium). 

[0018] In a preferred embodiment, an amount of oxygen is in a range of 2000 ppm 
by weight to 8000 ppm by weight. 

[0019] A method of producing a rare-earth sintered magnet, according to the inven- 
tion, includes the steps of: preparing a powder of a rare-earth alloy having a composi- 
tion of (R1x+R2 y )Tioo-x-y-zQz (R1 is at least one element selected from the group 
consisting of all rare-earth elements excluding La, Y and Sc; R2 is at least one element 
selected from the group consisting of La, Y and Sc; T is at least one element selected 
from the group consisting of all transition elements; and Q is at least one element se- 
lected from the group consisting of B and C), wherein molar fractions x, y and z satisfy 
8< x< 18at%, 0.1< y< 3.5 at% and 3< z< 20at%, respectively; and sintering the 
rare-earth alloy powder, wherein R2 existing in a main phase crystal grain of an 
Nd2Fei4B crystalline structure in the rare-earth alloy before sintering is diffused into a 
grain boundary phase in the sintering step, whereby a concentration of R2 is higher in 
at least a part of the grain boundary phase than in the crystal grain. 
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[0020] In a preferred embodiment, an amount of oxygen included in the rare-earth 
alloy powder is in a range of 2000 ppm by weight to 8000 ppm by weight. 

[0021] In a preferred embodiment, R1 existing in the grain boundary phase in the 
rare-earth alloy before sintering is diffused into the main phase crystal grain in the sin- 
tering step. 

[0022] In a preferred embodiment, an oxide of R2 is formed in the grain boundary 
|T l phase in the sintering step. 

J; ;; [0023] In a preferred embodiment, the sintering step includes a first step of main- 
ly taining the rare-earth alloy powder at a temperature in a range of 650 to 1000°C for 10 
w to 240 minutes, and a second step of further sintering the rare-earth alloy powder at a 
14: temperature higher than that used in the first step. 

[0024] In a preferred embodiment, the rare-earth alloy powder is obtained through 
pulverization in a gas whose oxygen concentration is controlled. 

[0025] In a preferred embodiment, the rare-earth alloy powder is obtained through 
pulverization in a gas whose oxygen concentration is controlled to be 20000 ppm or 
less by volume. 
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[0026] in a preferred embodiment, an average particle diameter (FSSS particle size) 
of the rare-earth alloy powder is 5 ^m or less. 

[0027] Another inventive rare-earth sintered magnet has a composition of 
(R1x + R2y)(T1p+T2 q )ioo-x-y-z-rQzMr (R1 is at least one element selected from the group 
consisting of all rare-earth elements excluding La (lanthanum), Y (yttrium) and Sc 
(scandium); R2 is at least one element selected from the group consisting of La, Y and 
Sc; T1 is Fe; T2 is at least one element selected from the group consisting of all transi- 
tion elements excluding Fe; Q is at least one element selected from the group consist- 
ing of B and C; and M is at least one element selected from the group consisting of Al, 
Ga, Sn and In), and includes, as a main phase, a crystal grain of an Nd2Fei 4 B crystal- 
line structure, wherein: molar fractions x, y, z, p, q and r satisfy 8< x+y< 18at%, 
0<y< 4 at%, 3< z< 20 at%, 0<q< 20 at%, 0< q/(p+q)< 0.3 and 0< r< 3 at%, respec- 
tively; and a concentration of R2 is higher in at least a part of a grain boundary phase 
than in the crystal grain. 

[0028] In a preferred embodiment, the molar fraction y satisfies 0.5<y< 3 at%. 
[0029] In a preferred embodiment, R2 includes at least Y (yttrium). 
[0030] In a preferred embodiment, 12 includes at least Co (cobalt). 
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[0031] In a preferred embodiment, an amount of oxygen is in a range of 2000 ppm 
by weight to 8000 ppm by weight. 

[0032] Another inventive method of producing a rare-earth sintered magnet includes 
the steps of: preparing a powder of a rare-earth alloy having a composition of 
(R1x+R2y)(T1p+T2 q )ioo-x-y-z-rQzM r (R1 is at least one element selected from the group 
consisting of all rare-earth elements excluding La (lanthanum), Y (yttrium) and Sc 
(scandium); R2 is at least one element selected from the group consisting of La, Y and 
Sc; T1 is Fe; T2 is at least one element selected from the group consisting of all transi- 
tion elements excluding Fe; Q is at least one element selected from the group consist- 
ing of B and C; and M is at least one element selected from the group consisting of Al, 
Ga, Sn and In), and including, as a main phase, a crystal grain of an Nd2Fei4B crystal- 
line structure, wherein: molar fractions x, y, z, p, q and r satisfy 8< x+y< 18 at%, 
0<y< 4 at%, 3< z< 20 at%, 0<q< 20 at%, 0< q/(p+q)< 0.3 and 0< r< 3 at%, respec- 
tively; and sintering the rare-earth alloy powder, wherein R2 existing in the main phase 
crystal grain of the Nd2Fei4B crystalline structure in the rare-earth alloy before sintering 
is diffused into a grain boundary phase in the sintering step, whereby a concentration of 
R2 is higher in at least a part of the grain boundary phase than in the crystal grain. 
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[0033] In a preferred embodiment, an amount of oxygen included in the rare-earth 
alloy powder is in a range of 2000 ppm by weight to 8000 ppm by weight. 

[0034] In a preferred embodiment, R1 existing in the grain boundary phase in the 
rare-earth alloy before sintering is diffused into the main phase crystal grain in the sin- 
tering step. 

[0035] In a preferred embodiment, an oxide of R2 is formed in the grain boundary 
phase in the sintering step. 

[0036] In a preferred embodiment, the sintering step includes a first step of main- 
taining the rare-earth alloy powder at a temperature in a range of 650 to 1000°C for 10 
to 240 minutes, and a second step of further sintering the rare-earth alloy powder at a 
temperature higher than that used in the first step. 

[0037] In a preferred embodiment, the rare-earth alloy powder is obtained through 
pulverization in a gas whose oxygen concentration is controlled. 

[0038] In a preferred embodiment, the rare-earth alloy powder is obtained through 
pulverization in a gas whose oxygen concentration is controlled to be 20000 ppm or 
less by volume. 
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[0039] In a preferred embodiment, an average particle diameter (FSSS particle size) 
of the rare-earth alloy powder is 5 \im or less. 

Brief Description Of The Drawings 

[0040] FIG. 1Ato FIG. 1C are schematic diagrams of main phase crystal grains and 
a grain boundary phase, wherein FIG. 1A illustrates the microstructure of a material 
alloy, FIG. 1B illustrates the microstructure during a sintering process, and FIG. 1C il- 
lustrates the microstructure of a sintered magnet; 

[0041] FIG. 2 is a graph illustrating an example of a temperature profile in a hydro- 
gen pulverization process that may suitably be used in the present invention; 

[0042] FIG. 3 is a graph illustrating the relationship between the Y, La and Ce con- 
tents and the residual magnetic flux density B r for sintered magnets each having a 
composition of Ndn.sRE^Ferg.rBe.i (where RE' is Y, La or Ce); 

[0043] FIG. 4A is a backscattering electron image of Sintered Magnet A 
(Ndn.8Y2.4Fe79.7B6.i), FIG. 4B is a Y mapping image of Sintered Magnet A, and FIG. 4C 
is a schematic diagram illustrating the microstructure of Sintered Magnet A; 
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[0044] FIG. 5A is a backscattering electron image of Sintered Magnet B 
(Ndn.8La2.4Fe79.7B6.i), FIG. 5B is an La mapping image of Sintered Magnet B, and 
FIG. 5C is a schematic diagram illustrating the microstructure of Sintered Magnet B; 

[0045] FIG. 6A is a backscattering electron image of Sintered Magnet C 
(Ndn.8Cez4Fe79.7B6.i), FIG. 6B is a Ce mapping image of Sintered Magnet C, and 
FIG. 6C is a schematic diagram illustrating the microstructure of Sintered Magnet C; 

[0046] FIG. 7A to FIG. 7D are schematic diagrams of main phase crystal grains and 
a grain boundary phase, wherein FIG. 7A illustrates the microstructure of a material 
alloy, FIG. 7B and FIG. 7C each illustrate the microstructure during a sintering process, 
and FIG. 7D illustrates the microstructure of a sintered magnet; 

[0047] FIG. 8 is a graph illustrating the relationship among the Curie point (Curie 
temperature), the Y content and the Co content, with the vertical axis of the graph rep- 
resenting the Curie temperature and the horizontal axis representing the Y content; 

[0048] FIG. 9 is a graph illustrating the relationship among the coercive force H q , the 
Y content and the Co content, with the vertical axis of the graph representing the coer- 
cive force and the horizontal axis representing the Co content; 
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[0049] FIG. 1 0A is a backscattering electron image of a material alloy, and FIG. 10B 
to FIG. 10F are mapping images of the material alloy for Nd, Dy, Co, Fe and Y, re- 
spectively; and 

[0050] FIG. 11A is a backscattering electron image of a sintered magnet, and 
FIG. 11B to FIG. 11F are mapping images of the sintered magnet for Nd, Dy, Co, Fe 
and Y, respectively. 

Detailed Description Of The Invention 

[0051] In a first embodiment of the present invention, Y, La and/or Sc are added, in 
addition to Nd, and these elements are concentrated in a grain boundary phase, so that 
an amount of Nd that would otherwise be consumed for the formation of a 
non-magnetic phase in the grain boundary phase is diffused from the grain boundary 
phase into the main phase crystal grains. In this way, Nd is efficiently used as a con- 
stituent element of the main phase (Nd2FeuB phase) providing hard magnetism. The 
term "Nd2Fei4B phase" as used herein includes a phase in which a part of Nd is sub- 
stituted with Pr, Dy and/or Tb. 

[0052] In a rare-earth magnet of the present invention, a large amount of Nd exists 
in the Nd2Fei4B phase, which is the main phase, while Y, La and/or Sc play the roll of 
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Nd in the grain boundary phase. Thus, it is possible to reduce the amount of Nd (Pr) to 
be used with substantially no decrease in the magnetization. 

[0053] According to an experiment conducted by the present inventors, Y exists 
primarily in the main phase, thereby decreasing the magnetization, in the stage of a 
material alloy such as an ingot cast alloy or a strip cast alloy. The experiment also re- 
^ veals that the concentration of Y in the main phase of an ingot cast alloy is higher than 
13 that of a strip cast alloy, since a cooling rate by an ingot casting method (less than 
11 10 2 °C/sec) is lower than that by a strip casting method(10 2 °C/sec or more). A feature 
U of the present invention lies in that Y in the main phase is concentrated in the grain 
^ boundary phase through a sintering process after making a powder of such a material 
& alloy. 

[0054] Initially, the feature of the present invention will be described with reference 
to FIG. 1 A to FIG. 1C. 

[0055] FIG. 1 A to FIG. 1C are schematic diagrams of main phase crystal grains and 
a grain boundary phase, illustrating how Nd and Y are diffused and distributed through 
a sintering process from the material alloy stage. 
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[0056] First, as illustrated in FIG. 1 A, in the mother alloy stage, Y and Nd are both 
taken in the crystal grains of NdaFeuB, and Y and Nd exist at the site of rare earth 
element of Nd2Fei4B. 

[0057] When the mother alloy is made by an ingot casting method, the Y concentra- 
tion in the grain boundary phase is lower than that in the crystal grains, and an Nd-rich 
phase is formed in the grain boundary phase. When the mother alloy is made by a strip 
casting method, R2 such as Y exists also in the grain boundary, but this is due to a 
non-equilibrium state. R2 existing in the grain boundary also has the same effect in 
subsequent steps as that of R2 existing in the main phase. 

[0058] According to the present invention, Y is diffused from the inside of the crystal 
grains (main phase) into the grain boundary phase through the sintering process. 
During the sintering process, an oxide of Y is formed in the grain boundary phase, as 
illustrated in FIG. 1B. At this time, Nd is diffused in the opposite direction. As a result, 
the Y concentration in the grain boundary phase increases to be greater than that in the 
crystal grains. As a result, the amount of Y contained in the main phase decreases, as 
illustrated in FIG. 1C, thereby increasing the magnetization. 

[0059] It is believed that in order to realize the mutual diffusion of Y and Nd as de- 
scribed above, an appropriate amount of oxygen needs to be present in the grain 
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boundary phase during the sintering process. This is because the present invention 
causes the diffusion as described above utilizing the fact that Y more stably combines 
with oxygen to form an oxide than Nd. For such an introduction of oxygen into the grain 
boundary phase, it is preferred to slightly oxidize the powder particle surface in the 
pulverization step, for example. 

H; [0060] The first embodiment of the present invention will now be described in 
y| greater detail. 

J Material alloy 

H [0061] First, a rare-earth alloy having a composition of (R1 x +R2 y )Tioo-x-y-zGz is pre- 
Jf pared. In the composition, R1 is at least one element selected from the group consist- 
H ing of all rare-earth elements excluding Y (yttrium), La (lanthanum) and Sc (scandium); 
R2 is at least one element selected from the group consisting of La, Y and Sc; T is at 
least one element selected from the group consisting of all transition elements; Q is at 
least one element selected from the group consisting of B and C; and the molar frac- 
tions x, y and z satisfy 8< x< 18 at%, 0.1< y< 3.5 at% and 3< z< 20 at%, respectively. 

[0062] For example, an ingot casting method or a quenching method (a strip casting 
method or a centrifugal casting method) may be used for making such an alloy. As an 
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example, a method of making a material alloy by using a strip casting method will now 
be described. 

[0063] First, an alloy having a composition as shown above is melted in a high fre- 
quency melting process in an argon atmosphere to obtain a molten alloy. After main- 
taining the molten alloy at 1350°C, the molten alloy is rapidly cooled by a single chill roll 
method so as to obtain a solidified alloy in the form of flakes having a thickness of about 
0.3 mm, for example. The cooling conditions include, for example, a roll circumferential 
speed of about 1 m/sec, a cooling rate of 500°C/sec and a sub-cooling degree of 200°C. 
The rapidly cooled alloy thus obtained is pulverized into flakes having a size of 1 to 
10 mm before the hydrogen pulverization process. A method of producing a raw ma- 
terial alloy by a strip casting method is disclosed in, for example, United States Patent 
No. 5,383,978, the disclosure of which is hereby incorporated by reference.. 

[0064] As noted above, Y exists in the Nd2FeuB main phase in such a material alloy 
stage. 

First pulverization step 

[0065] The material alloy that has been coarsely pulverized into flakes is filled into a 
plurality of raw material packs (made of stainless steel, for example) and mounted on a 
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rack. Then, the rack with the raw material packs mounted thereon is inserted into a 
hydrogen furnace. Then, the hydrogen furnace is closed and a hydrogen embrittlement 
process (hereinafter referred to also as "a hydrogen pulverization process") is started. 
The hydrogen pulverization process is performed in accordance with a temperature 
profile illustrated in FIG. 2, for example. In the example of FIG. 2, an evacuation proc- 
ess I is performed for 0.5 hour, after which a hydrogen occlusion process II is per- 
formed for 2.5 hours. In the hydrogen occlusion process II, a hydrogen gas is supplied 
into the furnace so as to turn the inside of the furnace into a hydrogen atmosphere. At 
this time, the hydrogen pressure is preferably about 200 to about 400 kPa. 

[0066] Then, a dehydrogenation process III is performed for 5.0 hours under a de- 
pressurized atmosphere of about 0 to about 3 Pa, after which a material alloy cooling 
process IV is performed for 5.0 hours while supplying an argon gas into the furnace. 

[0067] In the cooling process IV, while the atmosphere temperature in the furnace is 
relatively high (e.g., greater than 100°C), the material alloy is cooled by supplying an 
inert gas at normal temperature into the hydrogen furnace. Then, after the material al- 
loy temperature has decreased to a relatively low level (e.g., 100°C or less), an inert 
gas that has been cooled below normal temperature (e.g., about 10°C lower than room 
temperature) is supplied into the hydrogen furnace. It is preferred, in terms of the 
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cooling efficiency, to cool the material alloy in this way. The amount of the argon gas to 
be supplied may be set to about 10 to about 100 Nm 3 /min. 

[0068] It is preferred that after the temperature of the material alloy has decreased 
to be about 20 to about 25°C, an inert gas of a generally normal temperature (a tem- 
perature that is lower than room temperature by 5°C or less) is supplied into the hy- 
drogen furnace, allowing the temperature of the material alloy to reach a normal 
temperature level. In this way, it is possible to avoid dew condensation in the furnace 
occurring when the hydrogen furnace is opened. When moisture is present in the fur- 
nace due to dew condensation, the moisture is frozen/vaporized in the evacuation 
process, thereby making it difficult to increase the degree of vacuum and increasing the 
period of time required for the evacuation process I. 

[0069] It is preferred that the coarsely-pulverized alloy powder obtained through the 
hydrogen pulverization process is taken out of the hydrogen furnace under an inert 
atmosphere so that the coarsely pulverized powder does not contact the atmospheric 
air. In this way, the coarsely pulverized powder is prevented from being oxidized and 
generating heat, and the magnetic properties of the magnet are improved. Then, the 
coarsely-pulverized material alloy is filled into a plurality of raw material packs and 
mounted on a rack. 
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[0070] Through the hydrogen pulverization process, the rare-earth alloy is pulver- 
ized to a size of about 0.1 to several millimeters, with the average particle diameter 
being 500 [xm or less. It is preferred that after the hydrogen pulverization process, the 
embrittled material alloy is cracked into finer powder and cooled by using a cooling de- 
vice such as a rotary cooler. When the material is taken out at a relatively high tem- 
perature, the duration of the cooling process using a rotary cooler, or the like, can be 
increased accordingly. 

[0071] Through the hydrogen pulverization process, the material alloy is cracked at 
R(rare earth metal)-rich portions thereof due to hydrogen occlusion. As a result, a large 
amount of rare earth metal is exposed on the surface of the coarsely pulverized powder, 
and the coarsely pulverized powder in this state is very likely to be oxidized. 

Second pulverization process 

[0072] Next, the coarsely pulverized powder that has been made in the first pul- 
verization process is finely pulverized by using a jet mill. A cyclone classifier is con- 
nected to the jet mill used in the present embodiment. 

[0073] The jet mill receives a supply of the rare-earth alloy (coarsely pulverized 
powder) that has been coarsely pulverized in the first pulverization process, and the 
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rare-earth alloy is pulverized in the pulverizer. The powder that has been pulverized in 
the pulverizer is collected in a collection tank via the cyclone classifier. 

[0074] The process will now be described in greater detail. 

[0075] The coarsely pulverized powder is introduced into the pulverizer and is flung 
up in the pulverizer by a rapid flow of an inert gas injected from an internal nozzle. 
Thus, the coarsely pulverized powder flies around in the pulverizer along with the rapid 
gas flow so as to be finely pulverized through collision between powder particles being 
pulverized. 

[0076] The finely pulverized powder particles ride an upward gas flow so as to be 
introduced into a classification rotor. Then, the powder particles are classified by the 
classification rotor. Coarse powder particles cannot go out of the classification rotor 
and the coarse powder particle are pulverized again in the pulverizer. Those powder 
particles that have been pulverized to a particle diameter less than or equal to a pre- 
determined particle diameter are introduced into the classifier main body of the cyclone 
classifier. In the classifier main body, relatively large powder particles having a particle 
diameter equal to or greater than the predetermined particle diameter are deposited 
into the collection tank provided in the bottom, while super fine powder particles are 
discharged through a discharge pipe along with the inert gas flow. 
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[0077] In the present embodiment, a slight amount of oxygen (20000 ppm or less by 
volume; e.g., about 10000 ppm by volume) is mixed with the inert gas introduced into 
the jet mill. In this way, the surface of the finely pulverized powder is oxidized to an 
appropriate degree so that rapid oxidization/heat generation does not occur when the 
finely pulverized powder contacts the air atmosphere. 

[0078] It is believed that oxidization of the powder particle surface plays an impor- 
tant roll in the diffusion of Y from the main phase into the grain boundary phase in the 
sintering process. According to a study by the present inventors, it is preferred that the 
amount of oxygen in the powder is adjusted to be in the range of 2000 to 8000 ppm (by 
weight). 

[0079] As described above, the hydrogen pulverization process produces a coarsely 
pulverized powder whose particle surface is very likely to be oxidized. As a result, a 
finely pulverized powder made from the hydrogen-treated powder provides a preferable 
effect upon the Y diffusion from the crystal grain into the grain boundary. 

[0080] Moreover, in order to diffuse Y from the inside of the particles into the grain 
boundary phase, it is preferred that the average particle diameter of the powder (FSSS 
particle size) is 5 ^m or less, more preferably, 4 or less. When the particle diameter 
is greater than 5 jxm, Y needs to diffuse over an excessive distance, thereby increasing 
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the amount of Y remaining in the crystal grains (main phase), and thus decreasing the 
magnetization. 

[0081] The pulverizer is not limited to a jet mill, but may be an attritor or a ball mill. 
Press-compaction 

[0082] In the present embodiment, a lubricant in an amount of 0.3 wt%, for example, 
is added and mixed in the magnetic powder obtained as described above in a rocking 
mixer so as to cover the surface of the alloy powder particles with the lubricant. The 
lubricant may be a lubricant obtained by diluting a fatty acid ester with a petroleum 
solvent. In the present embodiment, methyl caproate is used as a fatty acid ester and 
isoparaffin as a petroleum solvent. The weight ratio between methyl caproate and 
isoparaffin is, for example, 1:9. Such a liquid lubricant covers the surface of the powder 
particles, thereby preventing the particles from being oxidized while improving the ori- 
entation property during a pressing process and facilitating the removal of the compact 
following a pressing process (by making the density of the compact uniform so as to 
prevent the compact from being broken apart or cracked). 

[0083] The type of lubricant is not limited to the above. Instead of methyl caproate, 
the fatty acid ester may be, for example, methyl caprylate, methyl laurylate, methyl 
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laurate, or the like. The solvent may be a petroleum solvent such as isoparaffin, a 
naphthenic solvent, or the like. The lubricant may be added at any timing, i.e., before 
the fine pulverization by the jet mill, during the fine pulverization or after the fine pul- 
verization. A solid dry lubricant such as zinc stearate may be used instead of, or in 
addition to, a liquid lubricant. 

[0084] The magnetic powder obtained as described above is then compacted in an 
orientation magnetic field by using a known compacting apparatus. 

Sintering process 

[0085] A step of maintaining the powder compact at a temperature in the range of 
650 to 1000°C for 10 to 24 minutes, and a step of further sintering the powder compact 
at a higher temperature (e.g., 1000 to 1 100°C), are performed successively. During the 
sintering process, particularly, during a period in which a liquid phase is produced 
(while the temperature is in the range of 650 to 1000°C), Nd starts to be melted, and 
mutual diffusion occurs between Y, existing primarily in the main phase crystal grains, 
and Nd, existing in the grain boundary phase. Specifically, Y diffuses from the main 
phase into the grain boundary phase under a diffusion-driving force that is in proportion 
to the concentration gradient between the inside of the main phase crystal grains and 
the grain boundary phase (corresponding to "the difference between the Y concentra- 
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tion in the main phase and that in the liquid phase"), whereas Nd diffuses in the oppo- 
site direction, i.e., from the grain boundary phase into the main phase. 

[0086] Since Y having diffused into the grain boundary phase combines with oxygen 
existing in the grain boundary phase so as to be turned into an oxide and consumed, 
the Y concentration gradient to be the diffusion-driving force is maintained. Since Y 
more stably forms an oxide than Nd, Y diffuses from the main phase into the liquid 
phase while Nd diffuses from the liquid phase into the main phase. 

[0087] In order to sufficiently diffuse Y into the grain boundary phase so that a large 
amount of Nd existing in the grain boundary phase is taken into the main phase, it is 
preferred that the amount of oxygen in the powder is controlled in the range of 2000 to 
8000 ppm (by weight) as described above. When the amount of oxygen is less than 
2000 ppm (by weight) , Y is not sufficiently diffused into the grain boundary phase, 
leaving a large amount of Y in the main phase, thereby decreasing the magnetization. 
When the amount of oxygen is greater than 8000 ppm (by weight), rare-earth elements 
are consumed by oxide formation, thereby reducing the amount of rare-earth element 
that contributes to the liquid phase formation. In such a case, the density of the sin- 
tered body decreases, or the magnetic properties deteriorate. Preferably a thin oxide 
layer is formed on the powder particle surface. By sintering the powder in which the 
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amount of oxygen is controlled as above, a sintered magnet whose oxygen concentra- 
tion is in a range 2000 to 8000 ppm by weight can be produced. 

[0088] When the amount of residual hydrogen existing in the alloy after the hydro- 
gen pulverization is too high, a sintering process does not proceed appropriately. 
However, according to this embodiment, the amount of hydrogen in the powder particle 
can be reduced into a range from 5 to 100 ppm by weight during the heat treatment at a 
temperature of 650 to 1 000°C. 

[0089] Also in a case where La and/or Sc are added, it is possible to suppress the 
consumption, in the grain boundary phase, of a rare-earth element, such as Nd or Pr, 
that is indispensable for the main phase thereby maintaining the magnetization of the 
main phase at a high level and thus providing a rare-earth sintered magnet that exhibits 
desirable magnetic properties. 

Example 

[0090] A sintered magnet was produced from a material alloy to which Y, La and Ce 
were added as rare-earth elements along with Nd by using the production method of 
the present invention as described above. The material alloy was made by an ingot 
casting method (cooling rate: less than 10 2 °C/sec). 
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[0091] FIG. 3 shows the relationship between the Y, La and Ce contents and the 
residual magnetic flux density or Remanence B r . Each sintered magnet has a compo- 
sition of Nd11.8RE2.4Fe79.7B6 i, where RE f is Y, La or Ce. 

[0092] As can be seen from FIG. 3, when Ce is added as RE\ B r decreases linearly 
as the Ce content increases. In contrast, when Y or La is added as RE', substantially 
no decrease in B r is observed in the region where the Y or La content is about 3.5 at% 
or less. Especially, when Y is added, the decrease in B r is very small, indicating that Y 
is more preferable than La as the element to be added. 

[0093] The following assumption can be made from the graph of FIG. 3. When the 
RE' content is 3.5 at% or less, Y or La exists in the grain boundary phase and substan- 
tially none of the elements Y and La enters the main phase, whereby the magnetization 
does not decrease. When the RE r content is greater than 3.5 at%, an excess of Y or La 
cannot diffuse into the grain boundary phase and is thus contained in the main phase, 
whereby the decrease in magnetization is at a clearly noticeable level. In the case of 
Ce, the magnetization decreases linearly as the Ce content increases. It is believed 
that this is because even a slight amount of Ce is taken into the main phase. 
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[0094] Then, the microstructures of Sintered Magnets A to C having the following 
compositions, respectively, were observed by using an EPMA (electron probe micro- 
analyzer). 

Sintered Magnet A: Ndn.8Yz 4 Fe79.7B6.i 

Sintered Magnet B: Ndn.8Laz4Fe79.7B6 i 

Sintered Magnet C: Nd11.8Ce2.4Fe79.7Ba1 

[0095] FIG. 4A to FIG. 4C are a backscattering electron image, a fluorescent X-ray 
image and a schematic diagram, respectively, showing the microstructure of Magnet A, 
3 and FIG. 5A to FIG. 5C and FIG. 6A to FIG. 6C are those for Magnets B and C, re- 
spectively. In the s shown in FIG. 4A, FIG. 5A and FIG. 6A, a bright area represents a 
grain boundary phase and a dark area represents a main phase. As shown in the 
fluorescent X-ray images of FIG. 4B and FIG. 5B, Y and La are present in the grain 
boundary phase in large and substantially uniform amounts, indicating that Y and La 
have been segregated from the main phase and concentrated in the grain boundary 
phase. In contrast, as shown in FIG. 6B, Ce is present substantially uniformly across 
the sintered magnet, and concentration of Ce in the grain boundary phase was not 
observed. 
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[0096] According to various experiments conducted by the present inventors, it is 
preferred that the molar fractions x and y in the composition (R1x+R2 y )Tioo-x-y-zQz satisfy 
0.01 < y/(x+y)< 0.23. 

Embodiment 2 

[0097] A second embodiment of the present invention will now be described, in the 
present embodiment, Y, La and/or Sc are added, in addition to Nd and/or Pr, and these 
elements are concentrated in a grain boundary phase, so that an amount of a transition 
metal such as Co that would otherwise be consumed for the formation of a ferromag- 
netic compound in the grain boundary phase is taken into the main phase crystal grains. 
In this way, Fe in the main phase (Nd2FeuB phase) providing hard magnetism is effi- 
ciently substituted with Co, etc. 

[0098] If Co is added in the present invention, a large amount of Co is present in the 
Nd 2 Fei 4 B phase, which is the main phase. In contrast, if , as in the prior art, Co is 
added in large amounts without adding Y, La or Sc, a large amount of Co is present 
also in the grain boundary phase, thereby forming a ferromagnetic compound in the 
grain boundary phase. As described above, when a large amount of a ferromagnetic 
compound such as NdCo2 is formed in the grain boundary phase, it not only decreases 
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the amount of Co contributing to the increase in Curie temperature in the main phase, 
but also decreases the coercive force of the magnet as a whole. 

[0099] In the present invention, however, Y, La and/or So are concentrated in the 
grain boundary phase, decreasing the Co concentration in the grain boundary phase, 
whereby Nd 3 Co is more likely to be produced than NdCo2. Since Nd3Co is a 
non-magnetic compound, it does not decrease the coercive force of the sintered mag- 
net. 

[0100] Moreover, in the present invention, a large amount of Nd or Pr is efficiently 
taken into the main phase as a result of Y, La and/or Sc being concentrated in the grain 
boundary phase, whereby it is possible to reduce the amount of Nd or Pr to be used 
without substantially decreasing the magnetization. 

[0101] According to an experiment conducted by the present inventors, Y exists 
initially in the main phase, thereby decreasing the magnetization, in the stage of a 
material alloy such as an ingot cast alloy or a quenched alloy(a strip cast alloy). A 
feature of the present invention lies in that Y in the main phase is concentrated in the 
grain boundary phase through a sintering process after making a powder of such a 
material alloy. 
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[0102] Next, a feature of a magnet according to the present embodiment will be 
described with reference to FIG. 7A to FIG. 7D. 

[0103] FIG. 7A to FIG. 7D are schematic diagrams of main phase crystal grains 
and a grain boundary phase, illustrating how Nd, Y and Co are diffused and distributed 
through a sintering process from the material alloy stage. 

[0104] First, as illustrated in FIG. 7A, in the mother alloy stage, Y and Nd are both 
taken in the main phase crystal grains, forming the Nd2FeuB phase, which is the main 
phase. The Y concentration in the grain boundary phase is lower than that in the grains, 
and an Nd-rich phase is formed in the grain boundary phase. Co exists in the main 
phase and in the grain boundary phase. 

[0105] In a rapidly cooled alloy such as a strip cast alloy, R2 such as Y exists also 
in the grain boundary phase due to a non-equilibrium state. R2 existing in the grain 
boundary also has the same effect in subsequent steps as that of Y existing in the main 
phase. 

[0106] According to the present invention, Y is diffused from the inside of the 
crystal grains (main phase) into the grain boundary phase through the sintering process, 
thereby producing an oxide of Y in the grain boundary phase, as illustrated in FIG. 7B. 
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At this time, Nd is diffused in the opposite direction. As a result, the Y concentration in 
the grain boundary phase can be increased to be greater than that in the main phase 
crystal grains, reducing the amount of Y contained in the main phase, as illustrated in 
FIG. 7C, thereby increasing the magnetization. The grain boundary phase is turned 
into a Y-rich phase as a result of the mutual diffusion of Y and Nd, whereby Co also 
moves into the main phase. 

[0107] It is believed that in order to realize the mutual diffusion of Y and Nd (and 
Co) as described above, an appropriate amount of oxygen needs to be present in the 
grain boundary phase during the sintering process. This is because the present inven- 
tion causes the diffusion, as described above, and relies upon the fact that Y more 
stably combines with oxygen to form an oxide than Nd. For introduction of oxygen into 
the grain boundary phase, it is preferred to slightly oxidize the powder particle surface 
in the pulverization step, for example. 

[0108] The second embodiment of the present invention will now be described in 
greater detail. 

Material alloy 
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[0109] First, a rare-earth alloy having a composition of 
(R1x+R2y)(T1p+T2q)ioo-x-y-2-rQzM r is prepared. In the composition, R1 is at least one 
element selected from the group consisting of all rare-earth elements excluding La 
(lanthanum), Y (yttrium) and Sc (scandium); R2 is at least one element selected from 
the group consisting of La, Y and Sc; T1 is Fe; T2 is at least one element selected from 
the group consisting of all transition elements excluding Fe; Q is at least one element 
selected from the group consisting of B and C; M is at least one element selected from 
the group consisting of Al, Ga, Sn and In; and the molar fractions x, y, z, p, q and r 
satisfy 8< x+y< 18at%. 0<y< 4at%, 3< z< 20at%, 0<q< 20 at%, 0< q/(p+q)< 0.3 
and 0< r< 3 at%, respectively. Note that p+q=100-x-y-z-r is satisfied. 

[0110] For example, an ingot casting method or a quenching method (a strip 
casting method or a centrifugal casting method) may be used for making such an alloy. 
As an example, a method of making a material alloy by using a strip casting method will 
now be described. 

[0111] First, an alloy having a composition as shown above is melted in a high 
frequency melting process in an argon atmosphere to obtain a molten alloy. After 
maintaining the molten alloy at 1350°C, the molten alloy is rapidly cooled by a single 
chill roll method so as to obtain a solidified alloy in the form of flakes having a thickness 
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of about 0.3 mm, for example. The cooling conditions include, for example, a roll 
circumferential speed of about 1 m/sec, a cooling rate of 500°C/sec and a sub-cooling 
degree of 200°C. The rapidly cooled alloy thus obtained is pulverized into flakes having 
a size of 1 to 10 mm before the hydrogen pulverization process. A method of produc- 
ing a raw material alloy by a strip casting method is disclosed in, for example, United 
States Patent No. 5,383,978. 

[0112] As noted above, Y exists in the Nd2Fei 4 B main phase in such a material 
alloy stage. 

First pulverization step 

[0113] The material alloy that has been coarsely pulverized into flakes is filled into 
a plurality of raw material packs (made of stainless steel, for example) and mounted on 
a rack. Then, the rack with the raw material packs mounted thereon is inserted into a 
hydrogen furnace. Then, the hydrogen furnace is closed and a hydrogen pulverization 
process is started. The hydrogen pulverization process is performed in accordance 
with a temperature profile illustrated in FIG. 2, for example. In the example of FIG. 2, 
an evacuation process I is performed for 0.5 hour, after which a hydrogen occlusion 
process II is performed for 2.5 hours. In the hydrogen occlusion process II, a hydrogen 
gas is supplied into the furnace so as to turn the inside of the furnace into a hydrogen 
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atmosphere. At this time, the hydrogen pressure is preferably about 200 to about 
400 kPa. 

[0114] Then, a dehydrogenation process III is performed for 5.0 hours under a 
depressurized atmosphere of about 0 to about 3 Pa, after which a material alloy cooling 
process IV is performed for 5.0 hours while supplying an argon gas into the furnace. 

[0115] In the cooling process IV, while the atmosphere temperature in the furnace 
is relatively high (e.g., greater than 100°C), the material alloy is cooled by supplying an 
inert gas at normal temperature into the hydrogen furnace. Then, after the material al- 
loy temperature has decreased to a relatively low level (e.g., 100°C or less), an inert 
gas that has been cooled below normal temperature (e.g., about 10°C lower than room 
temperature) is supplied into the hydrogen furnace. It is preferred, in terms of the 
cooling efficiency, to cool the material alloy in this way. The amount of the argon gas to 
be supplied may be set to about 10 to about 100 Nm 3 /min. 

[0116] It is preferred that after the temperature of the material alloy has decreased 
to be about 20 to about 25°C, an inert gas of a generally normal temperature (a tem- 
perature that is lower than room temperature by 5°C or less) is supplied into the hy- 
drogen furnace, allowing the temperature of the material alloy to reach a normal 
temperature level. In this way, it is possible to avoid dew condensation in the furnace 
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occurring when the hydrogen furnace is opened. When moisture is present in the fur- 
nace due to dew condensation, the moisture is frozen/vaporized in the evacuation 
process, thereby making it difficult to increase the degree of vacuum and increasing the 
period of time required for the evacuation process I. 

[0117] It is preferred that the coarsely-pulverized alloy powder obtained through 
the hydrogen pulverization process is taken out of the hydrogen furnace under an inert 
atmosphere so that the coarsely pulverized powder does not contact the atmospheric 
air. In this way, the coarsely pulverized powder is prevented from being oxidized and 
generating heat, and the magnetic properties of the magnet are improved. Then, the 
coarsely-pulverized material alloy is filled into a plurality of raw material packs and 
mounted on a rack. 

[0118] Through the hydrogen pulverization process, the rare-earth alloy is pulver- 
ized to a size of about 0.1 to several millimeters, with the average particle diameter 
being 500 fxm or less. It is preferred that after the hydrogen pulverization process, the 
embrittled material alloy is milled into finer powder and cooled by using a cooling device 
such as a rotary cooler. When the material is taken out at a relatively high temperature, 
the duration of the cooling process using a rotary cooler, or the like, can be increased 
accordingly. 
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[0119] A large amount of Nd is exposed on the surface of the coarsely pulverized 
powder which has been made through the hydrogen pulverization process, and the 
coarsely pulverized powder in this state is very likely to be oxidized. 

Second pulverization process 

[0120] Next, the coarsely pulverized powder that has been made in the first pul- 
verization process is finely pulverized by using a jet mill. A cyclone classifier is con- 
nected to the jet mill used in the present embodiment. 

[0121] The jet mill receives a supply of the rare-earth alloy (coarsely pulverized 
powder) that has been coarsely pulverized in the first pulverization process, and the 
rare-earth alloy is pulverized in the pulverizer. The powder that has been pulverized in 
the pulverizer is collected in a collection tank via the cyclone classifier. 

[0122] The process will now be described in greater detail. 

[0123] The coarsely pulverized powder is introduced into the pulverizer and is 
flung up in the pulverizer by a rapid flow of an inert gas injected from an internal nozzle. 
Thus, the coarsely pulverized powder flies around in the pulverizer along with the rapid 
gas flow so as to be finely pulverized through collision between powder particles being 
pulverized. 
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[0124] The finely pulverized powder particles ride an upward gas flow so as to be 
introduced into a classification rotor. Then, the powder particles are classified by the 
classification rotor, and coarse powder particles are pulverized again. Those powder 
particles that have been pulverized to a particle diameter less than or equal to a pre- 
determined particle diameter are introduced into the classifier main body of the cyclone 
classifier. In the classifier main body, relatively large powder particles having a particle 
diameter equal to or greater than the predetermined particle diameter are deposited 
into the collection tank provided in the bottom, while super fine powder particles are 
discharged through a discharge pipe along with the inert gas flow. 

[0125] In the present embodiment, a slight amount of oxygen (20000 ppm or less 
by volume; e.g., about 10000 ppm) is mixed with the inert gas introduced into the jet 
mill. In this way, the surface of the finely pulverized powder is oxidized to an appropri- 
ate degree so that rapid oxidization/heat generation does not occur when the finely 
pulverized powder contacts the air atmosphere. 

[0126] It is believed that oxidization of the powder particle surface plays an im- 
portant roll in the diffusion of Y from the main phase into the grain boundary phase in 
the sintering process. According to a study by the present inventors, it is preferred that 
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the amount of oxygen in the powder is adjusted to be in the range of 2000 to 8000 ppm 
(by weight). 

[0127] Moreover, in order to diffuse Y from the inside of the particles into the grain 
boundary phase, it is preferred that the average particle diameter (FSSS particle size) 
of the powder is 5 jxm or less, more preferably, 4 ^m or less. When the particle di- 
ameter is greater than 5 jxm, Y needs to diffuse over an excessive distance, thereby 
increasing the amount of Y remaining in the crystal grains (main phase), and thus de- 
creasing the magnetization. 

Press-compaction 

[0128] In the present embodiment, a lubricant in an amount of 0.3 wt%, for exam- 
ple, is added and mixed in the magnetic powder obtained as described above in a 
rocking mixer so as to cover the surface of the alloy powder particles with the lubricant. 
The lubricant may be a lubricant obtained by diluting a fatty acid ester with a petroleum 
solvent. In the present embodiment, methyl caproate is used as a fatty acid ester and 
isoparaffin as a petroleum solvent. The weight ratio between methyl caproate and 
isoparaffin is, for example, 1 :9. Such a liquid lubricant covers the surface of the powder 
particles, thereby preventing the particles from being oxidized while improving the ori- 
entation property during a pressing process and facilitating the removal of the compact 
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following a pressing process (by making the density of the compact uniform so as to 
prevent the compact from being broken apart or cracked). 

[0129] The type of lubricant is not limited to the above. Instead of methyl caproate, 
the fatty acid ester may be, for example, methyl caprylate, methyl laurylate, methyl 
laurate, or the like. The solvent may be a petroleum solvent such as isoparaffin, a 
naphthenic solvent, or the like. The lubricant may be added at any timing, i.e., before 
the fine pulverization by the jet mill, during the fine pulverization or after the fine pul- 
verization. A solid dry lubricant such as zinc stearate may be used instead of, or in 
addition to, a liquid lubricant. 

[0130] The magnetic powder obtained as described above is then compacted in 
an orientation magnetic field by using a known compacting apparatus. 

Sintering process 

[0131] A step of maintaining the powder compact at a temperature in the range of 
650 to 1000°C for 10 to 24 minutes, and a step of further sintering the powder compact 
at a higher temperature (e.g., 1000 to 1 100°C), are performed successively. During the 
sintering process, particularly, during a period in which a liquid phase is produced 
(while the temperature is in the range of 650 to 1000°C), Nd starts to be melted, and 
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mutual diffusion occurs between Y, existing primarily in the main phase crystal grains, 
and Nd, existing primarily in the grain boundary phase. Specifically, Y diffuses from the 
main phase into the grain boundary phase under a diffusion-driving force that is in 
proportion to the concentration gradient between the inside of the main phase crystal 
grains and the grain boundary phase (corresponding to "the difference between the Y 
concentration in the main phase and that in the liquid phase"), whereas Nd diffuses in 
the opposite direction, i.e., from the grain boundary phase into the main phase. 

[0132] According to this embodiment, a sintered magnet in which the amount of 
oxygen is in the range from 2000 to 8000 ppm by weight. The amount of hydrogen in 
the sintered magnet is in the range from 5 to 100 ppm by weight, since the amount of 
residual hydrogen in the powder particle decreases during the heat treatment at a tem- 
perature of 650 to 1000°C. 

[0133] Since Y having diffused into the grain boundary phase combines with oxy- 
gen existing in the grain boundary phase so as to be turned into an oxide and con- 
sumed, the Y concentration gradient to be the diffusion-driving force is maintained. 
Since Y more stably forms an oxide than Nd, Y diffuses from the main phase into the 
liquid phase while Nd diffuses from the liquid phase into the main phase. At this time, 
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the grain boundary phase is turned into a Y-rich phase, whereby Co moves into the 
main phase, partially substituting Fe in the main phase ± because of the volume ratio. 

[0134] In order to sufficiently diffuse Y into the grain boundary phase so that a 
large amount of Nd, Co, etc., existing in the grain boundary phase is taken into the 
main phase, it is preferred that the amount of oxygen in the powder is controlled in the 
range of 2000 to 8000 ppm (by weight) as described above. When the amount of 
oxygen is less than 2000 ppm by weight, Y is not sufficiently diffused into the grain 
boundary phase, leaving a large amount of Y in the main phase, thereby decreasing 
the magnetization. When the amount of oxygen is greater than 8000 ppm by weight, 
rare-earth elements are consumed by oxide formation, thereby reducing the amount of 
rare-earth element that contributes to the liquid phase formation. In such a case, the 
sinter density may decrease, or the magnetic properties may deteriorate due to a de- 
crease in the main phase proportion. 

[0135] Also in a case where La and/or Sc are added, it is possible, by concentrat- 
ing these elements in the grain boundary phase, to suppress the consumption, in the 
grain boundary phase, of a transition metal element, such as Co, and a rare-earth 
element that is indispensable for the main phase, such as Nd or Pr. 

Description of each element in alloy composition 
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[0136] The rare-earth element R1 may specifically be at least one element se- 
lected from the group consisting of praseodymium (Pr) f neodymium (Nd), samarium 
(Sm), gadolinium (Gd), terbium (Tb), dysprosium(Dy), holmium (Ho), erbium (Er), thu- 
lium(TM), and lutetium (Lu). In order to obtain a sufficient degree of magnetization, it is 
preferred that 50 at% or more of the rare-earth element R1 is made up of either one or 
both of Pr and Nd. 

[0137] When the total amount of rare-earth element (R1+R2) is less than 8 at%, 
the coercive force may decrease due to precipitation of an a -Fe phase. When the total 
amount of rare-earth element (R1+R2) is greater than 18 at%, a large amount of an 
R-rich second phase may precipitate in addition to the intended tetragonal Nd2Fei 4 B 
compound, thereby decreasing the magnetization. Thus, the total amount of rare-earth 
element (R1+R2) is preferably in the range of 8 to 18 at% of the total amount. 

[0138] Transition metal elements other than Co, such as Ni, V, Cr, Mn, Cu, Zr, Nb 
and Mo may suitably be used as T2. It is preferred that the amount of T1 (i.e., Fe), one 
of the two transition metal elements T1 and T2, is 50 at% or more. When the amount 
of Fe is less than 50 at%, the saturation magnetization of the Nd2Fei4B compound itself 
decreases. In the present invention, R2 is localized in the grain boundary phase, 
whereby T2 added is efficiently taken into the main phase. Since R2 no longer forms a 
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large amount of undesirable compounds in the grain boundary phase, the R2 content 
can be increased from that in the prior art. In the present invention, the T2 content can 
be increased up to 20 at%. 

[0139] Q is B and/or C, and is indispensable for stable precipitation of the 
tetragonal Nd 2 Fei 4 B crystalline structure. When the Q content is less than 3 at%, an 
R2T17 phase precipitates, thereby decreasing the coercive force and significantly dete- 
riorating the squareness of a demagnetization curve. When the Q content is greater 
than 20 at%, a second phase with a low degree of magnetization precipitates. There- 
fore, the Q content is preferably in the range of 3 to 20 at%. 

[0140] In order to further increase the magnetic anisotropy of a powder, an addi- 
tional element M may be used. The additional element M may suitably be at least one 
element selected from the group consisting of Al, Ga, Sn, and In. Alternatively, the 
additional element M may not be added at all. If added, it is preferred that the amount 
of the additional element M to be added is 3 at% or less. When the amount of the ad- 
ditional element M to be added is greater than 3 at%, a second phase, instead of a 
ferromagnetic phase, precipitates, thereby decreasing the magnetization. While the 
additional element M is not necessary for the purpose of obtaining a magnetic powder 
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that is magnetically isotropic, Al, Cu, Ga, etc., may be added for the purpose of in- 
creasing the intrinsic coercive force. 

Example 

[0141] An example of the second embodiment of the present invention will now be 
described. 

[0142] In this example, various material alloy compositions represented by 
(R1x+R2y)(T1p+T2 q )ioo-x-y-z-rQzM r were prepared, where R1 is Nd and Dy, R2 is Y (Yt- 
trium), T1 is Fe, T2 is Co, Q is B (boron), and M is Cu and Al. Each composition was 
adjusted so as to contain 5 to 10 at% of Nd, 4 at% of Dy, 0 to 5 at% of Y, 0 to 6 at% of 
Co, 6 at% of B, 0.2 at% of Cu, and 0.4 at% of Al, with the balance being the amount of 
Fe. 

[0143] Each alloy composition was heated to about 1400°C in an Ar atmosphere 
to obtain a molten alloy, and the molten alloy was poured into a water-cooled mold. 
The molten alloy was cooled to obtain a solidified alloy having a thickness of about 
5 mm. 

[0144] After the solidified alloy was allowed to occlude hydrogen, it was heated to 
about 600°C while evacuating the atmosphere so as to be embrittled (hydrogen pul- 
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verization process). A coarsely pulverized powder was obtained from the alloy com- 
position through the hydrogen pulverization process. The coarsely pulverized powder 
was finely pulverized by a jet mill, thereby making a powder whose average particle 
diameter (FSSS particle size) is about 3.5 jxm. A nitrogen gas containing about 
10000 ppm (by volume) of oxygen was used as the pulverization atmosphere in the jet 
mill. 

[0145] Each powder thus obtained was pressed at 100 MPa (megapascal) to ob- 
tain a compact having a size of 55 mm x 25 mm x 20 mm. During the pressing process, 
an orientation magnetic field was applied in the direction perpendicular to the pressing 
direction so as to orient the powder. 

[0146] Then, the powder was sintered in an Ar atmosphere. The sintering tem- 
perature was 1060°C and the sintering time was about 4 hours. 

[0147] Each sintered magnet thus obtained was evaluated for the Curie point and 
the coercive force. 

[0148] FIG. 8 is a graph illustrating the relationship between the Curie temperature 
(Curie point) and the Y content for Co contents of 3 at% and 6 at%. FIG. 9 is a graph 
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illustrating the relationship between the coercive force Hq and the Co content for Y 
contents of 0 at%, 1 at%, 3 at% and 5 at%. 

[0149] First, as can be seen from FIG. 8, while the Curie temperature increases as 
the Y content is increased from 0 at%, it is substantially saturated at a certain level. 
The saturation level is higher as the Co content is higher. It can be confirmed from 
FIG. 8 that the Curie temperature increasing effect of Co is improved by adding Y. 

[0150] On the other hand, FIG. 9 indicates the following. 

[0151] When no Y is added, the coercive force rapidly decreases as the Co con- 
tent increases. In contrast, when an appropriate amount of Y is added, the Co content 
can be increased without decreasing the coercive force. In other words, adding Y 
makes it possible to increase the Co content to sufficiently improve the Curie tempera- 
ture while avoiding a substantial decrease in the coercive force. 

[0152] Referring to FIG. 9 f when no Y is added, the coercive force decreases 
substantially when the Co content exceeds about 2 at%. It is believed that this is be- 
cause the amount of NdCo2 (a ferromagnetic compound) to be formed in the grain 
boundary phase increases as the Co content is increased, if no Y is added. 
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[0153] For low Co contents, no substantial difference is observed between the 
coercive force in a case where no Y is added and that in a case where the Y content is 
1 at%. However, for Co contents of about 3 at% or more, the coercive force with no 
addition of Y substantially decreases as the Co content increases, whereas the coer- 
cive force with addition of Y is kept at a substantially constant level irrespective of the 
Co content. This is because the amount of NdCo2 (a ferromagnetic compound) to be 
formed in the grain boundary phase is suppressed to a low level as an effect of the ad- 
dition of Y. However, when the Y content is excessive (e.g., 5 at% or more), the 
amount of Y oxide in the grain boundary phase increases and the coercive force de- 
creases. According to an experiment conducted by the present inventors, the Y con- 
tent range is preferably 0<y< 4 at%, and more preferably 0.5<y< 3 at%. If it is desired 
to avoid a decrease in the coercive force as much as possible, the upper limit of the Y 
content may be further lowered to about 2 at%. 

[0154] With the Y content being optimized, it is possible to increase the Co content 
up to 20 at%. In the present invention, the Co content range is preferably 0<q< 20 at%, 
and more preferably 0<q< 15 at%. 
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[0155] Next, the microstructures of an ingot alloy and a sintered magnet each 
having a composition of NdioDy 4 Y 2 Fe7iCo7B6 were observed by using an EPMA (elec- 
tron probe microanalyzer). 

[0156] FIG. 10A to FIG. 10F are a backscattering electron image and fluorescent 
X-ray images of the ingot alloy, and FIG. 1lAto FIG. 11F are a backscattering electron 
^ image and fluorescent X-ray images of the sintered magnet. 

ft [0157] In the backscattering electron images shown in FIG. 10A and FIG. 11 A, a 
bright area represents a grain boundary phase and a dark area represents a main 
phase crystal grain. 

? [0158] FIG. 10B to FIG. 10F and FIG. 11 B to FIG. 11F are fluorescent X-ray im- 

£ ages for Nd, Dy, Co, Fe and Y, respectively. 

[0159] As can be seen from a comparison between FIG. 10A and FIG. 10B, a 
large amount of Nd exists in the grain boundary phase in the ingot alloy stage. As can 
be seen from a comparison between FIG. 10A and FIG. 10D, a large amount of Co 
also exists in the grain boundary phase in this stage. In contrast, as can be seen from 
a comparison between FIG. 1 0A and FIG. 10F, a large amount of Y exists in the main 
phase. 
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[0160] in the sintered magnet stage, a large amount of Y exists (concentrated) in 
the grain boundary phase as can be seen from FIG. 11F, and a large amount of Co is 
taken into the main phase as can be seen from a comparison between FIG. 11A and 
FIG. 11D. 

[0161] Thus, it can been seen that Co moves from the grain boundary phase into 
the main phase as a result of Y being concentrated in the grain boundary phase 
through a sintering process. In the main phase, Fe is substituted with Co, thereby 
contributing to an increase in the Curie temperature. In a case where a large amount of 
Co exists in the grain boundary phase as in the prior art, a large amount of NdCo2, a 
ferromagnetic substance, is formed after the sintering process. In contrast, in the pre- 
sent invention, the Co concentration in the grain boundary phase substantially de- 
creases due to the action of Y, whereby substantially no NdCo2, which is a 
ferromagnetic substance, is formed in the grain boundary phase, and the decrease in 
the coercive force is suppressed. 

[0162] It is preferred that the molar fractions x and y in the composition (R1 x + R2 y ) 
(Tl p +T2 q )ioo-x-y-z-rQzM r satisfy 0.01 < y/(x+y)< 0.23. 

[0163] An R-Fe-B magnet has a problem in that it has poor corrosion resistance 
because the rare-earth element R is easily oxidized, thereby deteriorating the magnetic 
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properties. It is believed that an R-Fe-B magnet has a poor corrosion resistance for the 
following reason. Nd and/or Pr existing in the grain boundary in the R-Fe-B magnet 
react with moisture in the atmospheric air to form a hydroxide. The hydroxide formation 
causes volume expansion in the grain boundary and thus locally generates a strong 
stress, thereby causing grain detachment in some parts of the magnet. Oxidization 
and/or corrosion are likely to occur from a site where such grain detachment has oc- 
%0 curred. 

fl [0164] The present inventors evaluated the corrosion resistance of the rare-earth 
kl sintered magnet of the present invention. The compositions (at%) of samples used in 
E the corrosion resistance evaluation are as shown in Table 1 below. 
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Table 1 





Nd 


Y 


B 


Fe 


Al 


Cu 


Sample 1 


14.32 


0 


1.0 


balance 


0.2 


0.1 


Sample 2 


13.72 


0.74 


1.0 


balance 


0.2 


0.1 


Sample 3 


12.80 


1.57 


1.0 


balance 


0.2 


0.1 


Sample 4 


11.46 


2.96 


1.0 


balance 


0.2 


0.1 



[0165] Magnet samples 1 to 4 were subjected to a corrosion resistance test in 
which the samples were held for 24 hours under an accelerating test environment at 
2 atm, 125°C and a relative humidity of 85%. The degree of corrosion resistance was 
evaluated in terms of the amount of grain detachment occurring due to corrosion. 

[0166] As a result of the test, there was no significant difference between Sam- 
ple 1 and Sample 2. However, Sample 3 had an amount of grain detachment about 1/2 
of that of Sample 1 , and Sample 4 had an amount of grain detachment about 1/5 of that 
of Sample 1 . 
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[0167] Y added to the samples strongly combines with oxygen and is stably pre- 
sent as an oxide without forming a hydroxide. Therefore, it is believed that if Y is pre- 
sent in the grain boundary, volume expansion due to the hydroxide formation is less 
likely to occur and thus grain detachment is also less likely to occur. This is a special 
effect obtained by the addition of Y, and cannot be obtained by adding La instead of Y. 

[0168] According to the present invention, Y, or the like, is diffused into the grain 
boundary phase, whereby it is possible to efficiently utilize a rare-earth element, such 
as Nd or Pr, that is indispensable for the main phase without wasting such an element 
in the grain boundary phase, thereby maintaining the magnetization of the main phase 
at a high level and thus providing a rare-earth sintered magnet that exhibits desirable 
magnetic properties. 

[0169] Moreover, according to the present invention, a rare-earth element R2 such 
as Y is localized in the grain boundary phase, whereby an element (such as Co or Ni) 
that contributes to improving the magnetic properties in the main phase can be effi- 
ciently taken into the main phase without wasting such an element in the grain bound- 
ary phase. Furthermore, a rare-earth element that is indispensable for the main phase, 
such as Nd or Pr, can also be taken into the main phase. Therefore, it is possible to 
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further improve the magnetic properties such as heat resistance while realizing efficient 
use of these elements. 

[0170] While the present invention has been described in a preferred embodiment, 
it will be apparent to those skilled in the art that the disclosed invention may be modified 
in numerous ways and may assume many embodiments other than that specifically set 
out and described above. Accordingly, it is intended by the appended claims to cover 
all modifications of the invention which fall within the true spirit and scope of the inven- 
tion. 
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